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The pixel detector is the innermost charged particle tracking component employed by the ATLAS
experiment at the CERN Large Hadron Collider (LHC). The instantaneous luminosity delivered by the
LHC, now routinely in excess of 5 1033 cm2 s1, results in a rapidly increasing accumulated radiation
dose to the detector. Methods based on the sensor depletion properties and leakage current are used to
monitor the evolution of the radiation damage, and results from the 2011 run are presented.
& 2013 CERN. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
The pixel detector [1] of the ATLAS experiment [2] consists of
approximately 8 107 pixels, with typical size 50 mm 400 mm,
grouped on modules composed of a silicon sensor, front end
electronics, and ﬂex hybrids with control circuits. A total of 1744
modules are assembled in three barrel layers, and three end-cap
layers on each side of the barrel.
The sensor consists of a 25673 mm thick n-type bulk with nþ
implants on the readout side and the p-n junction on the back
side. Pixels are segmented with moderated p-spray between the
nþ implants. As a bias voltage is applied, sensor depletion starts
at the back side as depicted in Fig. 1(a). The pixels are not fully
isolated until full depletion is achieved. After sufﬁcient radiation
damage the bulk will convert to p-type, a phenomenon referred to
as type inversion. The junction then moves to the readout side as
depicted in Fig. 1(b), isolating the pixels even if the bulk cannot be
fully depleted.
The radiation dose on the innermost layer is expected to reach
500 kGy (or about 1015 neq cm2) after  5 years of LHC operation
at an instantaneous luminosity of 1034 cm2 s1. The outer layers
are expected to reach this dose after  10 years. Methods based
on depletion properties and leakage current are used to monitor
the evolution of the radiation damage.2. Depletion voltage and depth measurements
Before type inversion, the depletion voltage is measured by
a cross-talk scan, whereby charge is injected into a neighbor of a
given pixel being readout. The measurement is repeated over a
range of bias voltages. When the sensor is fully depleted theon.
Open access under CC BY-NC-NDpixels are isolated and the number of pixels without cross talk
hits reaches a maximum. The depletion voltage is deﬁned as the
bias voltage when 90% of the pixels have no cross talk hits. The
depletion voltage is observed in Fig. 2 to decrease with the
integrated luminosity, reﬂecting the progression towards type
inversion. The brief increase at the cooling stoppages is a
consequence of beneﬁcial annealing.
Type inversion of the innermost layer is expected in late 2012
after which the cross-talk method is no longer viable for mon-
itoring the depletion voltage. Instead, a collision data based
method using tracks [3] will be used to measure the depletion
depth. The inputs to the method are the pixel cluster size, the
track angle of incidence, and the track entry point at the sensor.
During the 2011 run the sensors were operated fully depleted.
The measured depletion depth, shown in Fig. 3, is therefore in
agreement with the sensor thickness of 25673 mm. The errors
shown are statistical, and the total uncertainty is 10 mm.3. Leakage current measurements
Another consequence of radiation damage is an increase in the
sensor bias leakage current. The current is measured with 80 nA
precision for groups of six or seven modules at the high voltage
(HV) power supply. The leakage current density is corrected to a
reference temperature of 0 1C. A linear correlation with the
integrated luminosity is observed in Fig. 4. The discontinuities
are a consequence of beneﬁcial annealing during the cooling
stops. The prediction [4] shown is based on the delivered
luminosity, the expected ﬂuence, and a damage coefﬁcient.
The pixel front-end chip FE-I3 allows the measurement of the
single pixel leakage current. The current in the feedback branch of
the pixel preampliﬁer is mirrored and digitized with 10-bit
precision over the range 0.125–128 nA. The leakage current
density measured with individual pixel is shown in Fig. 5 as license.
Fig. 1. Schematic depiction of the development of the depleted region in the pixel module sensor (a) before and (b) after type inversion.
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Fig. 2. Evolution of the depletion voltage with the integrated luminosity accu-
mulated in 2011 for a selection of Layer 0 modules [5]. The depletion voltage is
determined using a cross talk scan. Two red vertical lines denote the integrated
luminosity at the time when the cooling was off during technical stops. (For
interpretation of the references to color in this ﬁgure caption, the reader is
referred to the web version of this article.)
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Fig. 3. The depletion depth measured using a track based method [6]. Results for
two data runs in 2011 are shown as black circles and blue squares. Results using
tracks in simulated data (MC) are shown for the nominal 250 mm sensor thickness
(upward red triangle), as well as for 200 mm (downward red triangle). (For
interpretation of the references to color in this ﬁgure caption, the reader is
referred to the web version of this article.)
Fig. 4. Evolution of the module level leakage current measured from the HV
power supplies with the integrated luminosity accumulated in 2011 [5]. Data are
shown as circles for the three barrel layers and compared with the predictions of a
model described in the text.
Fig. 5. Evolution of the module level leakage current measured with the feedback
circuit of individual pixels in a dedicated scan [5]. Data are shown as circles for the
three barrel layers and compared with the predictions of a model described in
the text.
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with the measurement using the HV power supply.4. Conclusion
During the LHC run in 2011 more than 5 fb1 of integrated
luminosity was delivered to the ATLAS experiment. The corre-
sponding radiation dose to the pixel detector resulted in measur-
able changes in the depletion and leakage current properties of
the sensors. A decrease in the bias voltage necessary to fully
deplete the sensors was measured using a cross talk scan andreﬂects the progression towards type inversion. In the future,
after type inversion, the depletion depth will be measured with
tracks in data. The method has been validated with 2011 data and
yields results consistent with fully depleted sensors. Radiation
damage also results in an increase in the sensor leakage current.
Two methods, one using the current measured at the HV supply
and the other the current measured in the pixel feedback circuit,
agree with each other in the evolution of the leakage current with
integrated luminosity, as well as with the theoretical prediction.
In summary, a robust program to monitor the ATLAS pixel
detector radiation damage is in place and the damage observed
thus far is consistent with the expected level at this stage of the
experiment.
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